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The Crystal Structure
of the DNA-Binding Domain of Yeast RAP1
in Complex with Telomeric DNA
Peter KoÈ nig,*² Rafael Giraldo,*²³ Lynda Chapman,* Rhodes and Giraldo, 1995). Another possibility is that
they are required to recruit sequence-specific DNA-and Daniela Rhodes*
binding proteins. Indeed several proteins, including*Medical Research Council
yeast RAP1 (Longtine et al., 1989) and the humanLaboratory of Molecular Biology
telomere repeat±binding factor, TRF (Chong et al., 1995),Cambridge
have been shown to bind to double-stranded telomericUnited Kingdom
DNA.Consejo Superior de Investigaciones CientõÂficas
The best characterized telomeres, both in terms ofCentro de Investigaciones BioloÂ gicas
structure and function, are those of the budding yeastMadrid
Saccharomyces cerevisiae. These telomeres consist ofSpain
300 to 450 bp of an irregularly repeated sequence motif
C2±3A(CA)1±6 (Wang and Zakian, 1990). Several lines of
evidence indicate that yeast telomeric DNA is packagedSummary
by the abundant, nonhistone protein RAP1 (repressor
activator protein 1). Genetic studies have shown thatTelomeres, the nucleoprotein complexes at the ends
RAP1 is an essential sequence-specific DNA-bindingof eukaryotic chromosomes, are essential for chromo-
protein (Shore and Nasmyth, 1987) that participates insome stability. In the yeast S. cerevisiae, telomeric
the regulation of telomere length (Conrad et al., 1990;DNA is bound in a sequence-specific manner by RAP1,
Lustig et al., 1990; Kyrion et al., 1992). Immunofluores-a multifunctional protein also involved in transcrip-
cence labeling has demonstrated that the majority oftional regulation. Here we report the crystal structure
RAP1 molecules are localized at the ends of chromo-of the DNA-binding domain of RAP1 in complex with
somes (Klein et al., 1992). From in vitro binding studiesa telomeric DNA site at 2.25 AÊ resolution. The protein
using purified RAP1 and a long yeast telomeric DNAcontains two similar domains that bind DNA in a tan-
fragment, it has been concluded that one RAP1 mole-dem orientation, recognizing a tandemly repeated
cule binds on average every 18 bp of DNA and thatDNA sequence. The domains are structurally related
RAP1 binds essentially continuously along the double-to the homeodomain and the proto-oncogene Myb,
stranded telomeric DNA (Gilson et al., 1993). Hence, itbut show novel features in their DNA-binding mode.
is likely that RAP1 is the major DNA-binding protein ofA structured linker between the domains and a long
yeast telomeres.C-terminal tail contribute to the binding specificity.
Interestingly, RAP1 also functions as both an activatorThis structure provides insight into the recognition of
and repressor of transcription (reviewed by Shore,1994).the conserved telomeric DNA sequences by a protein.
RAP1-binding sites are found in the promoters of a large
number of genes, including ribosomal protein genesIntroduction
(Huet et al., 1985) and in the silencer elements of the
silent mating-type loci HMR and HML (Shore et al., 1987;
Telomeres are specialized nucleoprotein complexes
Buchman et al., 1988). More recently it has emerged
that form the termini of eukaryotic linear chromosomes.
that the transcriptional repression at the silent mating-
These structures play multiple roles. They are essential
type loci and the transcriptional repression observed
for the stable maintenance of chromosomes, are sites
when genes are placed close to the telomeres (telomere
of transcriptional silencing, and are required for the as-
positioning effect) are connected (Aparicio et al., 1991).
sociation and organization of chromosomes within the In both cases, the role of RAP1 is to recruit the same
nucleus. Telomeres are dynamic structures, and recent
cofactors, including SIR3/SIR4 (Moretti et al., 1994) and
observations indicate that the shortening of telomeres
RIF1 (Hardy et al., 1992), giving rise to transcriptional
may be involved in both aging and cancer (reviewed by
silencing and heterochromatin formation (Hecht et al.,
Greider, 1994). 1995).
The most striking feature of telomeric DNA is that it In its various roles, the common function of RAP1 is
consists of a tandem array of short, species-specific to bind in a sequence-specific manner to DNA. RAP1 is
sequence motifs that typically contain tracts of three or a large protein of 827 amino acid residues (Shore and
four guanine bases. This is due to the particular mode Nasmyth, 1987) that contains distinct functional do-
of telomeric DNA synthesis, in which the telomerase, a mains. The minimal DNA-binding domain (RAP1 DBD)
reverse transcriptase, adds telomeric repeats using an was defined by deletion analysis and resides in the mid-
RNA template complementary to the G-rich strand (re- dle of the protein, between residues 361 and 596 (Henry
viewed by Blackburn, 1991). The conservation of telo- et al., 1990). This domain is unusually large (236 resi-
meric DNAsequences points to some conserved biolog- dues) and bears no significant sequence homology to
ical role. One possibility is that these sequences are any of the known DNA-binding motifs. The C-terminal
required for the formation of specialized DNA structures, domain of RAP1 is essential for transactivation and si-
such as DNA quadruplexes, that may be used in pro- lencing, while the N-terminal region is apparently dis-
cesses such as chromosome association (reviewed by pensable for biological function (reviewed by Shore,
1994; Gilson and Gasser, 1995). RAP1 binds as a mono-
mer with high affinity to DNA sites containing the²These authors contributed equally to this project.
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consensus sequence 59-(A/G)(C/A)A(C/T)CC(A/G)(C/A)N domain 1 (residues 360±445), interacts with the 59 region,
CA(C/T)(C/T)-39 (Vignais et al., 1990). The specific disso- and the C-terminal domain, domain 2 (residues 446±
ciation constant for a ribosomal gene binding site is 1.3 578), interacts with the 39 region of the RAP1-binding
3 10211 M (nonspecific Kd 5 8.7 3 1026 M) (Vignais et site. Each domain contains a three-helix bundle and
al., 1990). One of the highest affinity binding sites is an N-terminal arm, which make specific contacts with
the sequence 59-ACACCCACACACC-39 (Buchman et al., bases in the major and minor groove, respectively. The
1988) found in S. cerevisiae telomeric DNA (Wang and C-terminal tail (residues 579±594) emerges from domain
Zakian, 1990). This site shows a typical feature of most 2 and folds back toward domain 1, where it interacts
eukaryotic telomeric DNA, the tandem repetition of a not only with the bases in the major groove, but also
short sequence unit, here the sequence ACACC. with helix H1C of domain 1. This places the C-terminus
To understand how RAP1 binds to telomeric DNA, we of the RAP1 DBD close to its N-terminus, so that the
have determined the crystal structure of the RAP1 DBD DNA is completely enclosed by the protein.
bound to an 18 bp telomeric DNA fragment. The protein The protein±DNA interface extends over 16 bp, from
has a bipartite structure made up of two structurally C4 to G19. Upon complex formation, the total reduction
related domains that show structural similarity to ho- of the solvent-accessible surface area, calculated with
meodomains and the Myb motif. The protein is aligned a probe radius of 1.6 AÊ , is 4712 AÊ 2 (DNA, 2304 AÊ 2; protein,
on the DNA so that the two domains interact in a similar 2408 AÊ 2). The two domains are positioned on the DNA
manner with the two direct repeats in the RAP1-binding in a tandem orientation (Figure 2). Domain 1 can be
site. Thus, the architectureof the protein is ideally suited superimposed on domain 2 by a translation of 8 bpalong
to recognize the tandemly repeated sequence units of the DNA and a right-handed rotation of approximately
telomeric DNA. 2708 about the DNA axis. This orientation reflects an in-
trinsic tandem repetition of the sequence 59-ACACC-39
Results and Discussion within the binding site. Each domain is similarly posi-
tioned in the major groove of the repeated sequence,
Crystal Structure Determination resulting in a very similar pattern of contacts, although
The minimal DNA-binding domain RAP1 DBD (residues the interactions differ in some details. The linker be-
361±596) (Henry et al.,1990), including several additional
tween the domains crosses the minor groove between
but native amino acids at the N- and C-termini (Figure
the two ACACC repeats, contacting both the sugar±
1, top), was overexpressed in Escherichia coli and puri-
phosphate backbone and a base in the minor groove.
fied as described previously (Giraldo and Rhodes, 1994).
Since the two domains do not form a protein±protein
The binding affinity of the RAP1 DBD is the same as
interface, their relative positioning on the DNA must be
that of the full-length protein (D. R., unpublished data).
determined by both the interaction with the two DNAThe protein was cocrystallized with a double-stranded
sequence motifs and distance constraints imposed by18 bp DNA fragment, with 59 overhanging bases (Figure
the linker between the two protein domains. In summary,1, bottom) containing a high affinity telomeric binding
the RAP1 DBD consists of two structurally related do-site (Gilson et al., 1993).
mains linked to recognize two direct sequence repeatsThe structure of the protein±DNA complex was solved
of telomeric DNA.using multiple isomorphous replacement methods (see
Experimental Procedures; Table 2). Heavy atom deriva-
tives were obtained by conventional soaking methods
Structure and DNA Contacts of Domain 1and by the use of a phosphorothioate DNA derivative
Domain 1 consists of a short N-terminal arm (residuesreacted with mercuric chloride. The experimental map
360±364), a three-helix bundle (H1A, residues 365±376;was improved by solvent flattening and noncrystallo-
H1B, residues 386±391; and H1C, residues 400±409),graphic symmetry averaging methods. The resulting
and a region of loosely folded structure (residues 410±electron density map was interpretable for the DNA and
445) (Figure 2). The short N-terminal arm interacts withthe protein, with the exception of residues at the termini
the DNA backbone and positions Lys-360 in the minor(residues 353±359 and 595±598), three internal regions
groove, where it contacts the base A5. The three-helix(residues 482±512, 565±571, and 579±585), and one of
bundle interacts with thesugar±phosphate backbone onthe overhanging bases of the binding site. The two com-
both sides of the major groove. Most of the sequence-plexes in the asymmetric unit are aligned head-to-head,
specific interactions are made by the DNA-recognitionwith the DNA forming pseudo-continuous fibers in the
helix H1C, which together with helix H1B constitutes acrystal lattice. For presentation and discussion, we refer
helix-turn-helix motif. Contacts are made to the basesto only one of the two protein±DNA complexes in the
of both DNA strands (Figures 3a and 4) and involve directasymmetric unit, since they are essentially identical. The
hydrogen bonds (Asn-401 to C8 and Arg-404 to G89-current model includes 103 water molecules per com-
G99), as well as water-mediated interactions of sideplex and has been refined to an R factor of 21.9% (free
chains to bases. A cluster of three well-positioned waterR-factor 5 29.4%) using data from 16.0 AÊ to 2.25 AÊ
molecules is present between helix H1C and the DNA,resolution. A representative region of the electron den-
two of which mediate sequence-specific contacts to C6sity map, for the C-terminal tail interacting with the C-
and G89, as judged from the stereochemistry of theirtriplet sequence, is shown in Figure 3c.
ligands (His-405, Arg-408, and Arg-404). A hydrophobic
interaction between Ser-402 and His-405 and the highlyOverall Architecture
exposed base of C6 further increases the specificity ofThe RAP1 DBD consists of two clearly defined domains
and a C-terminal tail (Figure 2). The N-terminal domain, recognition.
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Figure 1. Sequence of the Protein and DNA
in the Complex
(Top) Amino acid sequence of the DNA-bind-
ing domain of RAP1. The structural domains
of the protein are color coded (domain 1, pale
green; domain 2, orange; C-terminal tail, ma-
genta). The open rectangles indicate the po-
sitions of a helices, and broken lines mark
regions of structural disorder. Residues inter-
acting specifically with DNA bases are indi-
cated by closed triangles, and those con-
tacting the phosphate backbone are
indicated by open circles.
(Bottom) The DNA-binding site used for co-
crystallization.
The major groove is substantially widened (by 5±6 AÊ ) of helix H1B within hydrogen bonding distance to G99
(Figure 3a). Thus, residues from both helix H1C and theat the protein±DNA interface of domain 1 (Table 1). This
loop between helices H1A and H1B contribute to theallows an unusual docking of the helix-turn-helix motif
specific binding of domain 1 to the 59 sequence repeatsuch that the loop between helices H1A and H1B can
A5-C6-A7-C8-C9-C10. (Figures 3a and 4).closely approach the bases in the major groove. This
The C-terminal part of domain 1 shows no regularbrings the side chain of His-385 at the N-terminal tip
secondary structural elements, but is closely associated
with the three-helix bundle through various hydrophobic
contacts and hydrogen bonds (Figure 2). This region
links domain 1 with the N-terminal arm of domain 2 and
thereby serves two functions, structurally stabilizing the
a-helical core as well as constraining the relative posi-
tions of domain 1 and domain 2. An interesting feature
of this region is the presence of two structurally similar
turns (residues 422±427 and 430±435) that have partial
sequence similarity.
Structure and DNA Contacts of Domain 2
Domain 2 has a similar structural core to domain 1 in
that it also contains a three-helix bundle (H2A, residues
451±470; H2B, residues 525±532; and H2C, residues
538±552) and an N-terminal arm (residues 446±450). In
addition, it contains a fourth helix (H2D, residues 554±
562) that bends sharply away from helix H2C. Helix H2D
interacts extensively with H2A and may therefore have
a domain-stabilizing function (Figure 2). In contrast to
domain 1, a large and partially unstructured loop (resi-
dues 471±524) is inserted between the helices H2A and
H2B. Proteolysis studies on the RAP1 DBD±DNA com-
plex (L. C., unpublished data) show that this flexible
region is rapidly cleaved, indicating that the loop is also
unstructured in solution. The equivalent regions of do-
main 1 (residues 360±378 and 387±409) and domain 2
(residues 446±464 and 525±547) are structurally very
similar, with a root-mean-square deviation (rmsd) of Ca
atoms of 0.79 AÊ (Figure 6a). The sequence identity over
these regions is 28% and is mainly confined to helices
H1C and H2C. The DNA-recognition helix H2C is longer
than the corresponding helix H1C of domain 1 and con-Figure 2. Global Structure of the Complex of the RAP1 DBD with
tains an a-helical bulge (Keefe et al., 1993), resultingthe Telomeric Binding Site
from the insertion of an additional residue (Phe-548) into(a) The protein is shown in a Molscript representation (Kraulis, 1991)
and color coded as in Figure 1 (domain 1, pale green; domain 2, a helical turn.
orange; C-terminal tail, magenta). The helices in each domain and The orientation of domain 2 in the major groove of
the N- and C-termini of the RAP1 DBD are indicated. Dotted lines DNA is very similar to that of domain 1. However, in this
represent regions of structural disorder. The DNA is shown with the case the major groove is not widened and the loop
sugar±phosphate backbone in blue and the bases in cyan. The two
between helices H2A and H2B cannot interact with theclusters of C±G base pairs bases (C8-C9-C10 and C16-C17) are
bases, but instead interacts with the phosphate back-colored yellow to illustrate the alignment of the protein domains on
bone (Figure 3b). The N-terminal arm of domain 2 to-the two telomeric repeats present in the DNA-binding site.
(b) View of the complex rotated by 908 about the DNA axis. gether with Ser-444 and Ile-445 at the C-terminus of
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Figure 3. Interaction of the Two Domains and the C-Terminal Tail of the RAP1 DBD with the Telomeric Binding Site
(a) Stereo view of the interaction of domain 1 with the 59 region of the recognition sequence. The C-terminal region of domain 1 is omitted
for clarity. The protein backbone is shown in white. The amino acid side chains that contact the bases (cyan) either directly or through water
molecules (white spheres) are shown in red. Residues that contact phosphate groups (dark blue) through side chains or through the amide
nitrogens of the protein backbone are shown in green.
(b) Stereo view of the interaction of domain 2 with the 39 region of the binding site. The color coding is as in Figure 3a. The loop between
helices H2A and H2B is omitted. The N-terminal arm is extended beyond Lys-446 to illustrate the interaction of the linker region between the
two domains with the minor groove.
(c) Stereo view of the interaction of the C-terminal tail to bases in the C-triplet. The electron density (cyan) calculated with 2(Fo±Fc) coefficients
is contoured at 1s. The carbonyl oxygens of the protein backbone of residues Pro-589 and Gly-590 form hydrogen bonds (white dotted lines)
with the DNA bases C9 and C10. The side chain of the aromatic residue Tyr-592 is positioned over these interacting residues. Water molecules
are shown as pink spheres.
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Table 1. DNA Parameters
Twist (8)
Major Groove Minor Groove
Base Pair Shift (AÊ ) Slide (AÊ ) C-Rich Strand G-Rich Strand Width (AÊ ) Width (AÊ )
C2±G29 Ð Ð
20.5 0.4 37.8 31.6
G3±C39 Ð Ð
0.3 0.1 42.1 41.9
C4±G49 13.1 4.3
20.3 0.0 37.4 28.7
A5±T59 11.2 6.6
20.4 20.5 25.4 36.1
C6±G69 12.4 4.4
0.2 20.2 41.8 33.5
A7±T79 17.3 3.9
0.6 20.2 31.4 39.6
C8±G89 16.0 4.9
20.7 21.0 24.7 20.7
C9±G99 12.0 8.8
0.0 0.3 29.1 29.5
C10±G109 11.4 8.8
20.5 0.9 40.5 40.9
A11±T119 12.2 6.0
1.4 20.6 35.6 32.5
C12±G129 11.0 3.3
21.2 1.0 40.8 35.4
A13±T139 12.0 7.5
20.2 20.6 22.7 34.0
C14±G149 13.5 6.0
1.2 20.6 39.9 29.6
A15±T159 12.8 6.9
21.0 20.3 27.5 37.5
C16±G169 13.5 8.4
20.1 20.4 24.7 32.2
C17±G179 Ð Ð
0.3 0.5 47.5 33.2
A18±T189 Ð Ð
0.0 20.2 31.3 41.2
G19±C199 Ð Ð
B-DNA 0.0 0.0 36.0 36.0 11.1 5.9
DNA parameters were calculated using the program Curves (Lavery and Sklenar, 1989). The values for shift and slide are given as inter±base
pair parameters. The twist is shown for each strand separately (C-rich and G-rich strand). For comparison, the values are shown for standard
B-DNA (Insight II; Biosym Technologies).
domain 1 form a clamp over the minor groove, pulling The junction between domain 2 and the C-terminal
the phosphate backbones together. The side chain of tail appears to be relatively flexible and less well defined
Lys-446 is inserted into the narrowed minor groove and in the electron density maps. However, the modeled
contacts A13 in the same way as Lys-360 of domain 1 region from residues 572±578, which is flanked by two
interacts with A5. Specific contacts to the DNA bases small regions of disorder (residues 565±571 and 579±
involve residues Arg-542, Asp-543, Arg-546, and Lys- 585), interacts extensively with the phosphate group of
547 from the recognition helix H2C, which interact with C12 (Figure 3b).
the sequence A13-C14-A15-C16-C17 of the 39 region of
the DNA-binding site (Figures 3b and 4). Structure and DNA Contacts
Although the general pattern of contacts of domain of the C-Terminal Tail
1 and 2 is largely similar, the detailed nature of the The section of the C-terminal tail that could be unambig-
interactions show some surprising differences, even for
uously interpreted in the electron density map (residues
positions with identical side chains. For example, Arg-
587±594) is positioned in the major groove over the
542 in domain 2 contacts the N7 of G179, while the
C-triplet at the 59 side of the RAP1-binding site (Figurescorresponding residue Arg-404 of domain 1 contacts
2 and 3c). The link between this region and domain 2 istwo bases, the N7s of both G89 and G99. In an extreme
partially disordered. Since thecrystal packing places thecase, Arg-546 interacts with the O6 and N7 of G169,
disordered regions of the C-terminal tails of symmetry-while the corresponding residue Arg-408 forms only a
related complexes in close proximity, it cannot be ex-water-mediated contact with the O4 of T79. The interac-
cluded that the tail of one protein molecule interactstion of Arg-546 displaces the basepair C16±G169 toward
with the DNA of a symmetry-related complex. However,the minor groove (Table 1), preventing Asn-539 from
the importance of this ordered region of the C-terminalinteracting with the N4 of C169 in the same way that
tail has been demonstrated by biochemical experi-Asn-401 of domain 1 contacts the N4 of C8 (Figure 4).
ments, which show that deletion of residues 583±596It appears, therefore, that the overall interaction patterns
abolishes DNA binding (Henry et al., 1990). Therefore,of the recognition helices respond in a concerted way
we favor the interpretation that the visible section of theto subtle differences at the protein±DNA interface. This
C-terminal tail and the two domains that interact withcould be due to the replacement of two base-contacting
one DNA duplex are part of the same RAP1 DBD mol-residues (Asp-543 for His-405 and Lys-547 for Val-409)
ecule.or to slight differences in the overall positioning of the
helix with respect to the DNA. The C-terminal tail contacts the bases C9 and C10
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through the main chain carbonyl oxygens of residues
Pro-589 and Gly-590 (Figures 3c and 4). These contacts,
together with a hydrophobic pocket (Pro-589, Tyr-592,
and His-385) formed around the methyl group of T9,
further specify the sequence in the 59 region of the rec-
ognition site. This might explain the invariance of the
C-triplet in RAP1-binding sites (Buchman et al., 1988;
Vignais et al., 1990). The tail also interacts with the
N-terminal tip of the recognition helix H1C of domain 1,
suggesting a cooperative binding behavior.
DNA Conformation
The DNA is slightly under-twisted over the region con-
tacted by the protein (C4 to G19) (Table 1), but does
not differ substantially from ªtypicalº B-DNA (Dickerson,
1992). The DNA axis is bent in the middle of the binding
site, at base pair C10±G109, by about 208 toward the
major groove, in approximate agreement with a value
of 298 estimated from scanning tunneling microscopy
studies (MuÈ ller et al., 1994). The most striking distortion
is thewidening of themajor groove over the protein±DNA
interface of domain 1 at base pair A7±T79 (Table 1).
This is caused by a displacement of the DNA backbone
toward the minor groove at the C-triplet, which might Figure 4. Summary of Protein±DNA Contacts
be assisted by an intrinsic preference of the triplet of The DNA is represented as an opened-out helix. Direct hydrogen
C±G base pairs for under-twisting (Fairall et al., 1989). bonds between the protein and the DNA are indicated by arrows.
Water (W)-mediated interactions are shown by broken arrows. Hy-Since the overall path of the DNA is relatively unaffected,
drophobic contacts are indicated by arrows with round heads (Me,the displacement of the phosphate backbone at the
methylgroup of thymidine; C, C5 atom of cytosine). Contacted phos-C-triplet causes a narrowing of the minor groove at base
phate groups (black) and deoxyribose rings (gray) are indicated by
pair C12±G129. This in turn favors the particular interac- closed circles.
tion of the protein clamp at the junction between domain
1 and 2 (Figures 2 and 3b) and may contribute to the
positioning of domain 2 with respect to domain 1. and the deoxyribose rings, respectively, of successive
An interesting structural feature of the C-rich strand bases. Thus, the protein appears to recognize the se-
(top strand in Figure 1, bottom) is the enhanced stacking quence-dependent DNA conformation of the sugar±
of bases in purine±pyrimidine steps and destacking of
bases in pyrimidine±purine steps, resembling the con-
formation observed for alternating poly(dA±dT) tracts
(Yuan et al., 1992). The destacking in C-A steps is corre-
lated with over-twisting, while the enhanced stacking
of bases in the AC step correlates with under-twisting
or a positive shift (Table 1). The under- and over-twisting
is less pronounced in the complementary G-rich strand
(bottom strand in Figure 1, bottom), but there is no indi-
cation of a significantly destabilized base pairing be-
tween the two strands. The observed stacking pattern
at C-A and A-C steps, which appears to reflect an intrin-
sically preferred DNA conformation, not only affects the
location of the bases in the major groove and hence
their hydrogen bonding distance to the protein residues,
but also appears to cause the sugar±phosphate back-
bone to take up a particular conformation. For instance,
the enhanced stacking at the dinucleotide step A13-C14
is correlated with a movement of the phosphate group
Figure 5. Interaction with the Sugar±Phosphate Backbone of theof C14 toward the minor groove (Figure 5). Significantly,
C-Rich Strandtwo similar patches of four amino acids (domain 1, Phe-
The basic and hydrophobic residues of domain 2 interacting with363, His-398, Arg-406, and Tyr-410; domain 2, Phe-449,
the DNA backbone of the sequence C12-A13-C14 (blue) are shown.His-536, Arg-544, and Phe-548) recognize the sugar±
A B-DNA model (magenta) has been superimposed to show differ-phosphate backboneover the sequences C4-A5-C6 and
ences in the conformation of the bases and the backbone. The
C12-A13-C14 (Figure 5) in a very similar manner. Within enhanced stacking and destacking in the C-rich strand appears to
each patch, an alternating pattern of basic and hy- mediate a characteristic conformation in the DNA backbone, which
might be specifically recognized by this patch of amino acids.drophobic side chains contact the phosphate groups
Telomeric DNA Recognition by Yeast RAP1
131
phosphate backbone. Such an ªindirect readoutº of the POU domain (Klemm et al., 1994), the Paired domain
(Xu et al., 1995), and the Myb motif (Ogata et al., 1994).sequence is likely to contribute to sequence-specific
recognition. Of these, only Myb binds to DNA with domains in a
tandem orientation. The short linker between the Myb
domains constrains the binding units to follow each
Comparison with Other DNA-Binding Motifs other closely in the major groove. The linker between
In both domains of the RAP1 DBD, the N-terminal arm the domains of RAP1 DBD is substantially longer. This
interacts in the minor groove, and each helix-turn-helix allows the protein to cross the minor groove and pro-
motif of the three-helix bundles ispositioned in the major vides an efficient way to constrain the position of the
groove of the DNA (Figure 6a). This arrangement is struc- domains on the tandem DNA repeats. An alignment of
turally related to the homeodomains of Engrailed (Kis- two homeodomains in a tandem orientation has been
singer et al., 1990), Mata2 (Wolberger et al., 1991), An- observed in the recently solved structure of the MATa1/
tennapedia (Billeter et al., 1993; Qian et al., 1993), POU MATa2 heterodimer (Li et al., 1995), but in this case the
(Klemm et al., 1994), and Paired (Xu et al., 1995). How- orientation of the independent domains on the DNA is
ever, both domains of the RAP1 DBD have additional determined through a protein±protein interface.
elements appended to or inserted into the three-helix
bundles. In domain 1, the loop between helices H1A
and H1B is longer than in the homeodomains, and the Correlation with Genetic and Biochemical Data
It has been shown that a number of mutations in RAP1C-terminal region may serve not only as a linker to do-
main 2, but could also have a stabilizing function. The affect the length of telomeres in S. cerevisiae. Two sets
of mutations, rap1t (Kyrion et al., 1992) and rap1s (Susseltopology of the C-terminal region of domain 1 is similar
to that of the ªwingº of the winged helix-turn-helix motifs and Shore, 1991), are located outside of the RAP1 DBD
in the C-terminal domain of the protein and cause the(Brennan, 1993), but it does not form the characteristic
b sheet and is located in a different position relative to elongation of the telomeric DNA, presumably by interfer-
ing with the RAP1 interacting factor RIF1 (Hardy et al.,the core of the domain. Domain 2 contains a large and
partially disordered loop between helices H2A and H2B, 1992). In contrast, a set of temperature-sensitive (rap1ts)
mutants cause telomere shortening (Lustig et al., 1990;which probably weakens the three-helical core and may
explain the presence of the fourth helix H2D to increase Kurtz and Shore, 1991). Three rapts mutants have been
mapped within the RAP1 DBD and show reduced DNA-stability. The superposition of domain 1 of the RAP1
DBD with the Engrailed homeodomain (Figure 6b), over binding activities under nonpermissive temperatures
(Kurtz and Shore, 1991). The effect of these mutationsthe corresponding regions of the three-helix bundle and
the N-terminal arm, gives a rmsd between Ca atoms of can be explained by the RAP1 DBD±DNA structure. The
subsitution of Glu-367 with Lys-367 in helix H1A abol-2.1 AÊ . A particularly close structural similarity is found
between the three-helix bundles of the RAP1 DBD and ishes its tight interaction with His-398 located in the
loop between the helices H1B and H1C in domain 1.the proto-oncogene Myb (Ogata et al., 1994) (Figure 6c).
The rmsd between the Ca atoms of domain 1 and the The mutation of Ala-458 to Thr-458 in helix H2A affects
a hydrophobic pocket that is formed with the residuessecond repeat of Myb over the same regions is 1.16 AÊ .
Despite the structural similarity, the docking of the from the helices H2A, H2C, and H2D. The third mutation,
Ala-563 to Pro-563, is located at the end of helix H2Dtwo domains of the RAP1 DBD on the DNA is different
from that of most homeodomains and the Myb protein. and may affect the positioning of the protein chain to-
ward the C-terminal tail. Since none of the mutationsAlthough the DNA-recognition helices of the Engrailed
homeodomain and RAP1 DBD have a comparable orien- occurs in the protein±DNA interface, the loss of DNA-
binding activity must be due to a destabilization of thetation relative to the DNA axis, the domains of RAP1
DBD are tipped into the major groove by a rotation of three-dimensional structure of the RAP1 DBD. A similar
destabilizing effect also explains another set of recentlyapproximately 458 about their DNA-recognition helices
(Figure 6b). While the recognition helices of the RAP1 identified mutants within the RAP1 DBD (Tyr-455 to Lys,
Leu-459 to Pro, and Met-575 to Lys). These mutantsDBD domains are aligned at almost right angles to the
DNA axis, those of the Myb protein essentially follow were shown to relieve the toxic effect of RAP1 overex-
pression and tohave reduced DNA binding affinity (Free-the path of the major groove (Figure 6c). The docking
of the helix-turn-helix motifs in the RAP1 DBD is most man et al., 1995).
The available footprinting data for RAP1 (Longtine etclosely related to that of the l repressor (Jordan and
Pabo, 1988) and, to a lesser extent, also resembles the al., 1989; Vignais et al., 1990; Gilson et al., 1993) are
consistent with the pattern of protein±DNA contactsunusual docking of the Paired homeodomain (Xu et al.,
1995). However, in contrast with the l repressor and seen in the structure of the RAP1 DBD±DNA complex
(Figure 4). An unusual KMnO4 hyperreactivity, normallyall other helix-turn-helix motifs (Pabo and Sauer, 1992;
Gehring et al., 1994), the widening of the major groove, associated with single-stranded DNA, is observed upon
RAP1 binding in the middle of the binding site (C12together with the elongation of helix H1B in domain 1,
allows a residue from the N-terminal tip of the first helix and C14) (Gilson et al., 1993). This reactivity might be
explained by the local displacement of the sugar±of the helix-turn-helix motif to interact directly with a
base in the major groove. phosphate backbone toward the minor groove,
exposing the C5/C6 double bond of the cytosines toThe intramolecular arrangement of two or more DNA-
binding domains containing a helix-turn-helix motif has chemical reaction, while leaving the base pairing over
this region unaffected.also been seen in other proteins, for example, the Oct-1
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Figure 6. Comparison of the Structure of the RAP1 DBD with the Engrailed Homeodomain and Myb
(a) Superposition of domain 1 (pale green) with domain 2 (orange) of RAP1 in a view along the recognition helices. The structures were overlaid
using the protein alone. The corresponding DNA sites are shown in blue for domain 1 and cyan for domain 2. The C-terminal region of domain
1 is omitted for clarity.
(b) Superposition of the Engrailed homeodomain (white) with domain 1 of RAP1 (pale green). The structural similarity includes the three-helix
bundle and the N-terminal arm (domain 1 of RAP1, residues 360±378, 387±396, and 398±409; Engrailed, residues 5±23, 30±39, and 40±51,
numbered according to pdb entry 1hdd). The DNA sites (RAP1, blue; Engrailed, white) are shown to illustrate the different docking of the
domains on DNA.
(c) Superposition of the second repeat of the proto-oncogene Myb (magenta) with domain 1 of RAP1 (pale green). The structural similarity
extends over the three-helix bundles (domain 1 of RAP1, residues 363±378 and 387±409; Myb, residues 94±100 and 114±136, numbered
according to pdb, entry 1 mse). The view is rotated by 908 about the DNA axis with respect to (a) and (b) to illustrate the different position of
the recognition helices in the major groove of their DNA sites (RAP1, blue; Myb, magenta).
RAP1 binds in vivo not only to the telomeric repeat with an average spacing between RAP1 molecules of
18 bp (Gilson et al., 1993). Owing to the heterogenoussequences, but also to a number of sites within promot-
ers and silencer elements with similar but not identical sequence repeat of telomeric DNA from S. cerevisiae,
the spacing between the bound proteins is somewhatsequences. The overall sequence specificity of theRAP1
DBD deduced from direct and water-mediated contacts irregular, with the occupied DNA sites being selected
on the basis of sequence preferences and local steric(Figure 4) agrees well with the consensus sequence 59-
(A/G)(C/A)A(C/T)CC(A/G)(C/A)NCA(C/T)(C/T)-39 (Vignais exclusion effects. A survey of the available telomeric
DNA sequences of S. cerevisiae shows that RAP1-bind-et al., 1990) and a similar RAP1 recognition sequence
derived by a polymerase chain reaction amplification/ ing sites are clustered and that the most common spac-
ing is 13 bp. This spacing isshorter than theprotein±DNAselection procedure (Graham and Chambers, 1994). In
general, the sequence of RAP1-binding sites is more interface of 16 bp seen in the RAP1 DBD±DNA structure.
Model-building studies show that two RAP1 DBD mole-conserved in the 59 region including the C-triplet than
it is in the39 region. The structure explains this conserva- cules can bind next to each other on a straight DNA
fiber as closely as 11±12 bp without steric hindrance.tion, in that the 59 region is contacted more extensively
by both domain 1, including the loop between helices Since this is in agreement with footprinting results using
full-length RAP1 (Gilson et al., 1993), these observationsH1A and H1B, and the C-terminal tail.
RAP1 also binds to another common telomeric se- suggest that the full-length protein and its DBD occupy
the same length of DNA. The space-filling model in Fig-quence, 59-ACACCCACACCAC-39, with only slightly re-
duced affinity (Gilson et al., 1993; L. C., unpublished ure 7 was constructed by docking two RAP1 DBD mole-
cules on DNA with the common spacing of 13 bp. Thedata). In this site the two conserved ACACC repeats are
more closely spaced. It seems unlikely, for the reasons DNA is tightly packed by the protein molecules, which
could explain the protection of telomeric DNA fromgiven above, that the RAP1 DBD domains could re-
arrange to accommodate a shorter spacing between nuclease digestion in isolated yeast nuclei (Wright et al.,
1992). In vivo, however, the density of RAP1 moleculesthe repeats, an interpretation consistent with KMnO4
footprinting data on this telomeric DNA site (Gilson et on telomeres could bemodulated, e.g., by thephosphor-
ylation state of the protein (Tsang et al., 1990) or byal., 1993). It is also unlikely that the DNA itself could
undergo a conformational change of such a magnitude interaction with factors such as RIF1, SIR3, and SIR4
(Hardy et al., 1992; Moretti et al., 1994).(KoÈ nig and Richmond, 1993). One possibility is that do-
main 2 adapts to recognize different sequences through
side chain rearrangements, as seen for other protein± Implications of the RAP1 DBD Structure
for Recognition of TelomericDNA interfaces (Schwabe et al., 1995), thereby mainly
contributing to the overall binding affinity. Repeat Sequences
The striking feature of the telomeric DNAof most eukary-The in vitro footprinting studies of full-length RAP1
bound to a long telomeric DNA fragment show that the otic organisms is its sequence in which conserved units
of 6±8 bp are repeated in tandem (Zakian, 1995). Theprotein can bind continously along the length of the DNA
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telomeres (McEachern and Blackburn, 1995). This ob-
servation is consistent with a model in which the binding
of a protein along the length of the telomeric repeats
regulates the telomerase-mediated elongation of telo-
meres (McEachern and Blackburn, 1995). Hence, it is
likely that two homologous RAP1 proteins have a similar
function at telomeres.
At present there is only limited information on proteins
from higher eukaryotes that interact in a sequence-
specific fashion with double-stranded telomeric DNA
(Rhodes and Giraldo, 1995). Recently, the human telo-
mere repeat±binding factor, TRF, was identified and
cloned (Chong et al., 1995). This protein binds sequence
specifically to the double-stranded human telomeric re-
peat C3TA2 (the TTAGGG repeat). TRF is not a RAP1Figure 7. Model of Two RAP1 DBD Molecules Bound to Telomeric
homolog, but it does contain a single Myb-like motifDNA
based on sequence comparisons (Chong et al., 1995).Space-filling representationof two RAP1DBD molecules (yellow and
Since RAP1 DBD and Myb are clearly structurally re-white) including the C-terminal tail are shown with the corresponding
DNA sites (magenta and blue) aligned on a continuous DNA fiber lated, it seems likely that RAP1 and TRF recognize telo-
at a spacing of 13 bp. Within one RAP1 DBD molecule, domain 2 meric repeats using structurally similar DNA-binding do-
is rotated with respect to domain 1 by 908 (in a left-handed sense). mains. It remains to be seen whether homeodomain/
The distance between two neighboring RAP1 DBD molecules is 13 Myb motifs are a common feature of proteins that bind
bp, which is equivalent to a rotation of 1108 (in a right-handed sense).
to double-stranded telomeric repeats and, moreover,This organization allows an overlap between neighboring protein
how they are organized on telomeric DNA.molecules and, hence, a tight packing.
Experimental Procedures
RAP1 DBD structure presented here provides insight
Protein and DNA Purificationinto the protein architecture used to recognize such a
RAP1 DBD (residues 353±598) was expressed in E. coli and purifiedsequence organization. First, each of the RAP1 DBD
as described previously (Giraldo and Rhodes, 1994). The oligonucle-
domains recognizes a repeat of 5±6 bp of DNA con- otides including the phosphorothioate derivative were synthesized
taining the sequence ACACC. Second, the structure pro- on an Applied Biosystems 380B DNA synthesizer and purified by
vides a general model for how a monomeric protein denaturing SDS±polyacrylamide gel electrophoresis followed by pu-
rification on C-18 SEP PAK cartridges (Water Associates). The twocan bind two telomeric repeats spaced 8 bp apart. This
DNA strands were annealed and the RAP1 DBD±DNA complex wasintramolecular arrangement of two domains is advanta-
prepared in a buffer containing 5 mM MES (pH 6.0), 1 mM MgSO4,geous for high affinity binding, since the length of one
50 mM KCl by mixing thepurified protein with DNA at a concentration
repeat unit might be too short to allow a tight and se- of 0.005±0.01 mM (5%±10% molarexcess of DNA). The protein±DNA
quence-specific binding by a single protein domain complex was subsequently concentrated in a vacuum dialysis appa-
without invoking cooperativity. This might be necessary ratus (Sartorius) to 0.2 mM in a buffer containing 5 mM MES (pH
6.0), 50 mM KCl.in the case of S. cerevisiae telomeric DNA, where RAP1
sites are irregularly spaced, limiting the possibility of
Crystallization and Data Collectioncooperative interactions between protein molecules.
Cocrystals were grown at 208C using the hanging-drop vapor diffu-
The bipartite structure of the RAP1 DBD is also compati- sion method. Drops (5 ml) containing 0.08±0.1 mM protein±DNA
ble with the recognition of shorter spacings between the complex and crystallization buffer (20 mM MES [pH 6.0], 20 mM
tandemly repeated sequence units. The DNA-binding KCl, 2 mM spermine, 10%±20% MPD) were equilibrated against 0.5
ml of reservoir solution containing the same crystallization bufferdomains can be repositioned closer to each other with
and 40% MPD. Crystals grew over several weeks to several monthsa spacing of 4±5 bp, but this would require a different
to a size of 0.3 mm 3 0.3 mm 3 0.3 mm in the trigonal spacegrouporganization of the linker.
P31 (a 5 b 5 90.6 AÊ , c 5 80.4 AÊ , a 5 b 5 908, g 5 1208). NativeThe only protein that shows sequence homology with crystals diffracted isotropically beyond 2.2 AÊ resolution. Prior to
RAP1 is the yeast Kluyveromyces lactis RAP1 (Larson data collection, the crystals were equilibrated in stabilization buffer
et al., 1994). The high sequence identity (69%) within (20 mM MES [pH 6.0], 20 mM KCl, 2 mM spermine, 30% MPD) for
at least 1 hr. They were mounted in a small loop and immediatelythe DBD strongly suggests that the two DBDs have the
flash frozen on the goniometer head in a stream of nitrogen atsame three-dimensional structure. Furthermore, the
21738C (Oxford Cryosystems). The phosphorothioate derivativeconservation of every residue involved in DNA binding
was collected at the SRS Daresbury Laboratory (station 9.6). All
supports the finding that the two proteins bind to the other data sets were collected with an image plate system (Marre-
same family of DNA sites (Larson et al., 1994). Although search) installed on a rotating anode X-ray generator (Elliott GX-
the sequence of K. lactis telomeric DNA is rather differ- 13). The data were processed and scaled using the CCP4 suite of
programs (distributed by SERC, Daresbury Laboratory).ent from that of S. cerevisiae, it contains within the 25
bp repeat unit the sequence ACACCA, which is con-
Structure Determinationserved in telomeric DNA of budding yeasts (McEachern
Heavy atom derivatives were prepared by conventional soaking ofand Blackburn, 1994). Based on this motif, it is possible
the crystals in stabilization buffer with added heavy atom metal
to find a potential RAP1-binding site within the K. lactis compound using the concentration and incubation times indicated
repeat. Recent genetic studies have shown that alter- (Table 2). The phosphorothioate derivative was obtained by sulfuri-
zation of the 39 phosphate group of T159 (Iyer et al., 1990). Theations in the ACACCA sequence affect the length of
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Table 2. Crystallographic Analysis
Derivativesa
HgCl2 K3UO2F5 (CH3)3PbAc HgCl2/Thioate-DNA
Native (0.5 mM, 8 days) (0.1 mM, 18 hr) (20 mM, 8 days)
Resolution (AÊ ) 16±2.25 16±3.0 16±3.2 15±3.0 8.0±3.0
Completeness (%) 96.0 93.7 85.3 91.6 86.6
Multiplicity 2.9 2.8 1.6 1.9 1.7
Rsymb 0.047 0.038 0.044 0.029 0.074
Isomorphous differencec 0.196 0.120 0.135 0.152
Heavy atoms per asymmetric unit 4 2 4 8
Phasing powerd 1.40 0.91 0.46 1.56
Mean figure of merite (16±3.0AÊ ): 0.51
Refinement
Resolution range (AÊ ) 16.0±2.25
Complexes per asymmetric unit 2
Water molecules per complex 103
R factorf 0.219
Free R Factorg 0.294
Rms deviations from ideal stereochemistry
Protein DNA
Bond length(AÊ ) 0.009 0.026
Bond angles(8) 1.3 4.4
a Derivatives are shown with concentration and incubation times in parentheses. HgCl2/thioate±DNA is described in the text.
b Rsym: Shkl S i|Ihkl,i2,Ihkl.|/ShklS iIhkl,i, where ,Ihkl. is the mean of measurements for a single hkl.
c Isomorphous difference: Shkl ||FPH|2|FP||/Shkl |FP|.
d Phasing power: rms heavy atom structure factor/rms lack of closure.
e Figure of merit: e P(F)exp(iF)dF/e P(F)dF, where P is the probability distribution of the phase angle F. The anomalous scattering contribution
was included for derivative HgCl2 (16±3.0 AÊ ) and K3UO2F5 (16±4.5 AÊ ).
f R factor: Shkl ||Fobs|2|Fcal||/Shkl|Fobs|.
g Free R factor was calculated with 5% of data being omitted from refinement.
annealed DNA site was prereacted overnight at 48C with HgCl2 in a of 2(Fo±Fc)-difference Fourier maps. A solvent mask was used to
correct the low resolution data. Water molecules were identified inmolar ratio of 1:5 in 5 mM MES (pH 6.0), 50 mM KCl. Crystals of
this derivative were mounted directly from the crystallization drop. Fo±Fc-difference Fourier maps and included in the model only if
they were near potential hydrogen donor or acceptor groups andThe heavy atom sites of the derivatives were identified by difference
Fourier maps initially using MIR phase information obtained with equivalent water molecule were present in the NCS-related position.
The NCS constraints were released in the final cycles of positionaliodine derivatives of a less well-diffracting crystal form that had the
same space group and similar cell dimensions. Two closely spaced and restrained B factor refinement. The entire model was checked
using annealed omit maps (Hodel et al., 1992), excluding segments(2.5 AÊ ) heavy atom sites are present per phosphothioate group in
the Hg±DNA. of ten amino acids, or five bases, in both NCS-related protein±DNA
complexes at a time. The R factor of the final model is 21.9% (freeThe heavy atom parameters were refined in MLPHARE (Otwinow-
ski, 1991), and an electron density map was calculated using MIR R factor 5 29.4%) using data from 16.0 AÊ to 2.25 AÊ . The N-terminus
(residues 350±359) and C-terminus (residues 595±598), three internalphases to 3.0 AÊ resolution. The map was improved by solvent flat-
tening using the program SOLOMON (Abrahams et al., 1994) and regions of the protein (residues 482±512, 565±571, and 579±585),
and the overhanging base (C1) of one DNA duplex could not benoncrystallographic symmetry (NCS) averaging of the two com-
plexes per asymmetric unit. The molecular envelope and the NCS interpreted, owing to missing electron density. The protein has ex-
cellent stereochemistry with only one residue, Glu-65, just outsideoperator were manipulated and optimized with the programs RAVE
and MAMA (Kleywegt and Jones, 1994). A partial model, comprising of a generously allowed region in the Ramachandran plot. Coordi-
nates will be deposited in the Brookhaven Data Bank. While thesethe DNA without the overhanging 59 ends and the protein (residues
352±470 and 517±564) including both domains and the linker, was are being processed, they may be obtained by e-mail at kpk@mrc-
lmb.cam.ac.uk.fitted into the electron density using the graphics program O (Jones
et al., 1991). Positional and restrained B factor refinement of the
partial model with the program X-PLOR version 3.1 (BruÈ nger, 1992) Acknowledgments
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